Nuclear transport receptors (NTRs) are the only proteins able to transport large molecular weight payloads into the nucleus. A dominant area of molecular therapeutic research is the extension of the use of NTRs to target the nucleus for the development of pharmaceuticals or as tools for investigating fundamental biological questions. Although several examples of synthesized peptides harbouring nuclear localization signal (NLS) sequences conjugated to various payloads exist in the literature, the assumption has been that transport occurs by classical nuclear localization via the NTRs importin-α and importin-β. This assumption is relevant to nuclear-targeted therapeutics that aim for full potential clinical impact. In addition, fundamental research can benefit from unbiased approaches to investigate the role of NTRs. Herein, we report the construction of a novel NLS-modified agent composed of trastuzumab-emtansine (T-DM1) coupled to cell accumulator (Accum), a technology that enables monoclonal antibodies to escape endosome entrapment and accumulate conjugated payloads in the nucleus without abrogating affinity or specificity to target antigens. Accum harbours a classical NLS sequence from SV-40 large T-antigen. We demonstrate that routing T-DM1 to the nucleus successfully increased cytotoxic potency in the HER2-positive cell line SKBR3. More importantly, through the development of a novel bait-prey proteomic approach, we show that the non-classical NTR importin 7 and not importin-α/importin-β was required for the cytotoxicity effect. This result was validated by siRNA knock down. Our findings also indicate that by discovering an unanticipated NTR regulator of an NLS-modified agent, this study demonstrates the utility of combining an unbiased proteomic approach to probe NTR function in mammalian cell system and, is a foresight for future NLS-based development initiatives.
INTRODUCTION
Signal peptides are an integral component of intracellular protein targeting. The application of nuclear localization signal (NLS)-tagging for nonviral transfer of oligonucleotides, proteins, and reporter molecules is widely investigated for the development of therapeutic medicines and as probes used for advancing fundamental biology. For example, nuclear targeting via NLS-tagging is improving efficient localization of DNA vaccines into the cell nucleus for subsequent expression of immunogenic peptides, which is an obstacle preventing clinical success (1) . Nuclear targeting of theranostic radionuclides is being implemented in the clinic to apply short range-emitting radionuclides to impart high ionization densities at the site of decay, which maximizes DNA damage and could overcome much of the toxicity with traditional radiation approaches (2) . Utilizing NLS-tagged recombinant reporter molecules as probes has facilitated discoveries on various aspects of normal and diseased cellular development (3, 4) . Hence, NLS-tagged agents are critical for future effective medicines as well as tools for the advancement of fundamental biology.
Nuclear transport receptors (NTRs), also known as karyopherins, mediate the transport of macromolecules across the nuclear pore complex (5, 6) . Because NTRs have this unique capability, they are essential regulators for many normal cellular functions. There are >20 NTRs in the human genome and many NTR-specific cargos have been identified creating multiple transport pathways. Recently, the role for NTRs has expanded beyond housekeeping functions in nuclear transport. Studies have demonstrated particular NTRs can be modified or increased in abundance in different species. The modification enables NTRs to localize to the plasma membrane and coordinate the scaling of intracellular structures, including the nucleus to cell size (7, 8) . In response to cellular stress, NTRs can accumulate in the nucleus to block nuclear protein import by directly binding nuclear components and can also directly exert gene expression (9) . Transcription length variants of NTRs have also been shown to be preferentially expressed and have unique roles in cells at different developmental stages (10) . In tumor cells, distinct NTRs have been shown to be upregulated (11) (12) (13) . Thus, NTRs are now considered multifaceted whose regulatory duties are ever expanding in both healthy and diseased cells.
Although NTRs have been shown to transport specific cargoes (or cohorts of cargos), there is a general lack of consensus structures or NLS sequences for NTR binding. The classical NLS sequence PKKKRKV from the simian virus 40 (SV40) large T-antigen was the sequence identified and used to elucidate nuclear transport over three decades ago (14) (15) (16) (17) . Proteins that require entry into the nucleus contain an NLS that is recognized and bound by the adaptor protein importin-α. Importin-β then binds to importin-α and the complex is subsequently transported along the cytoskeleton by motor proteins and dock at the NPC. The cargo is released into the nucleus through the binding of Ran-GTP. However, most of nuclear transport is responsible by NTRs that can directly bind their cargos in the absence of importin-α (18) . Thus, it is difficult to determine whether the cell may have particular reliance on any individual NLS and/or cargo.
Although NLS-tagged agents are established as important potential therapeutics and effective investigational tools, their design, and intent of use, is still largely based on the classical mechanism of nuclear transport. This report originated from our pondering whether NLS-tagged agents have been overly reliant on the classical import mechanics and on the NLS from SV40 large T-antigen. Major challenges blocking elucidation is that unique classes of NLS sequences of particular NTRs have not been identified and NTRs share similar molecular weights, isoelectric points, and have low sequence identity (18) . In addition, cargos for the majority of NTRs have been identified through binary proteinprotein interaction assays (19) (20) (21) .
We set out to develop an approach to identify NTRs and test their uniqueness or redundancy to import an NLS-modified agent in live cells. We present the technology cell accumulator (Accum), which harnesses a two-step movement of endosome escape coupled to nuclear translocation (22) .
Accum is a natural composite compound of 1.8 kDa that is conjugated to surface lysines of monoclonal antibodies (mAbs). It is comprised of a single cholic acid linked to a short 13 amino acid peptide CGYGPKKKRKVGG containing the NLS from SV40 large T-antigen.
Accum addresses the current limitation with NLS-based agents. The barriers of NLS-tagged agents include target cell binding, internalization, endosomal escape, and nuclear localization. For therapeutic applications researchers are often limited by a significant trade-off -the major elements being high cell penetration/nuclear accumulation but loss of target cell specificity and vice versa.
Accum-modified mAbs conjugated to radionuclides retain high target affinity and specificity yet can accumulate the delivered payload at increased intracellular levels relative to unmodified mAbs and mAbs modified with the NLS but no cholic acid (22, 23) . Following receptor-mediated internalization, Accum enables mAbs to escape endosomes by utilizing cholic acid to activate acid-sphingomyelinase and produce ceramide, which destabilizes endosomal membranes (23) . This endosome escape feature results in increased efficiency in nuclear localization and accumulation of delivered payloads. As a result Accum-modified mAbs target tumors with superior tumor cell accumulation and specificity compared to non-Accum-modified counterparts (24) .
Thus, we hypothesized whether Accum's unique delivery mechanism could be applied as a therapeutic agent. We examined the effect of incubating human epidermal growth factor receptor 2 (HER2)-positive SKBR3 cells with the clinically approved biopharmaceutical trastuzumab-emtansine (T-DM1) modified with Accum (herein Accum-T-DM1). Our rationale was that T-DM1 effectiveness is reliant on successful tumor cell binding to HER2 on the cell surface, followed by internalization into the cell and encapsulation inside endosomes (25) . Motor proteins then naturally transport endosomes to lysosomes for membrane fusion and transfer of the encapsulated contents (26) . Lysosomal proteases digest the Tmab backbone of T-DM1 and liberate membrane impermeable DM1 metabolites that are presumably transported out of the lysosome by a lysosomal membrane transporter to diffuse throughout the cytosol, and encounter tubulin and inhibit microtubule polymerization (27) . As a result, tumor cells undergo apoptosis. Although microtubules are present in the cytosol, Oroudjev et al., showed that breast cancer cells in the prometaphase/metaphase rather than interphase were more sensitive to antibody-DM1 conjugates (28) . Thus, with Accum-mediated nuclear transport and the importance of the nucleus on DM1 cytotoxicity, Accum-T-DM1 could feasibly test our hypothesis. An accompanying objective was to evaluate Accum as a tool to probe nuclear transport regulation in live cells while maintaining target receptor specificity.
We constructed Accum-T-DM1 and ensured that it maintained biochemical and biophysical properties to develop as an effective NLS-modified agent. We conducted in vitro studies to evaluate nuclear localization and cytotoxicity with Accum-T-DM1 in the HER2-positive breast cancer cell line
SKBR3. A pull down assay was developed involving treatment of living SKBR3 cells incubated with
Accum-T-DM1, T-DM1, or Trastuzumab (Tmab) followed by mass spectrometry (MS). We organized our proteomic data into novel bait-prey models to extract proteins that specifically interact with Accum-T-DM1 with high certainty. We then conducted cytotoxicity assays in SKBR3 cells depleted for identified NTRs. Our findings showed that Accum-T-DM1 could be constructed as an NLSmodified agent for in vitro testing and that it increased cytotoxicity by several-fold relative to T-DM1 and was specific for HER2. Importantly, our findings showed that Accum-T-DM1 was not reliant on the classical NTR complex for enhanced cytotoxicity. Accum combined with our proteomic and biochemical methods combine as a potentially readily available approach for the future development of NLS-based agents for therapeutic applications. In addition, Accum-modified mAbs are potential tools to utilize for investigating fundamental biological questions.
RESULTS

Construction of Accum-T-DM1 conjugates and biochemical and biophysical characterization
Accum was conjugated to T-DM1 using the polyethylene glycol (PEG)ylated succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SM(PEG) 2 ) crosslinker ( Fig. 1A) . The reduced SDSprofile of T-DM1 showed distinct bands at approximately 25 kDa and 50 kDa for the light chains (LC) and heavy chains (HC), respectively (Fig. 1B) . These molecular weights were in agreement with the theoretical and experimental LC and HC masses of T-DM1 previously reported (29) . T-DM1 reacted with increasing ratios of SM(PEG) 2 followed by Accum conjugation gave rise to two major bands consistent with the presence of LC and HC relative to T-DM1 ( Fig. 1B) . Both LC and HC bands in the Accum-modified T-DM1 conjugates migrated consistent with increased molecular weight. In addition, as ratios of SM(PEG) 2 -to-T-DM1 increased the resultant Accum-T-DM1 conjugates exhibited slower migration on the SDS-PAGE gel. The resulting higher HC bands indicated more Accum attachments compared to LC, which is consistent as a majority of lysines in the human IgG1 antibody are located in the HC (30) . The Accum-T-DM1 conjugates were >90% monomers when 25-and 50-fold excess SM(PEG) 2 crosslinker ratios were utilized. The calculated number of Accum moieties per T-DM1 is listed in Figure 1B .
To determine the Accum-T-DM1 stability profile, unfolding and aggregation were evaluated by label-free differential scanning fluorimetry (nanoDSF). Analyzing ADC stability with nanoDSF has proven effective for its ability to detect unfolding events of the mAb Fab, C H 2, and C H 3 domains (31, 32) . T-DM1 and T-DM1 modified with 12 and 18 Accum moieties, but not 28 moieties exhibited comparable starting levels in the initial ratio (350nm/330nm) ( Fig This suggests that Accum modification has a greater impact on the C H 2 domain compared to other domains of T-DM1. This is consistent with previous ADCs based on a human IgG conjugated via lysines to DM1 that showed the C H 2 domain, relative to other domains, is the most likely to be destabilized due to a preference for DM1-lysine conjugations for C H 2 (32) . Based on theses results except for Accum 28 -T-DM1, the Accum-T-DM1 conjugates were soluble and had stabilities sufficient for functional evaluations in live cells. This was most likely due to the expression level of SKBR3 as it is a standard for HER2 overexpressing breast cancers with 1 x 10 6 receptors per cell or a 3+ on the clinical scoring system (34) . In addition, a significant portion of Tmab (~75%) is known to remain at the cell surface for periods up to 18 h and removing HER2 on the surface of cells by traditional trypsin digestion or acid washing cannot be accomplished (35, 36) . Evaluations after past 2 h were not performed. However, studies in the HER2positive cell line JIMT-1 show that the signal of Accum-T-DM1 is gradually decreased at later time This experiment demonstrates that, indeed, Accum-modification of T-DM1 leads to nuclear localization. In addition, T-DM1 in the cytosol of SKBR3 cells could not be readily visualized throughout the evaluation suggests that the amount of T-DM1 that is able to enter the cell and be processed in the lysosome is rapid. In contrast, we could visualize Accum-T-DM1 in punctate vesicles at 0.5 h followed by diffusion in the cytosol at 1 h and nuclear localization at 2 h. This suggests a slower mode of intracellular drug delivery via routing to the nucleus versus the lysosome.
Selecting the Accum-T-DM1 conjugate for proteomic experiments from treated live cells
As Accum-T-DM1 is composed of a mAb, payload, and Accum it is challenging to eliminate false positive protein interactions due to the structural complexity of this agent. An antibody affinity pull down with protein-G coated magnetic beads was chosen. The particular challenge with this type of pull down is that antibody-conjugates have potential binding sites to protein-G blocked due to lysines being occupied with Accum and DM1. Thus it was important to characterize the pull downs of lysates from various live SKBR3 cells treated with Accum-T-DM1 conjugates before progressing to the proteomic stage. As previously described, the maximum cellular uptake of the conjugates was at 2 h (Suppl. Fig. S2 ) and therefore was used as the incubation time point for the conjugates with SKBR3 cells. In order to use "physiologic" concentrations were explored various concentrations of Accum-T-DM1. A concentration of 7.5 mg/mL (~50 nmol/L) Accum-T-DM1 incubated with 15 x 10 6 SKBR3 cells for 2 h was identified to provide sufficient antibody pull down. Figure 4 shows the pull down efficiency of Protein G-coated magnetic beads for the Accum-T-DM1 conjugates relative to Tmab and T-DM1. The amount of Tmab pulled down from treated SKBR3 cells was comparable to a 5 µg standard of Tmab added to Protein G-coated magnetic beads. Relative to the artificial Tmab standard, the amount of T-DM1 pulled down was noticeably reduced. The amount of all the Accum-T-DM1 conjugates pulled down was reduced relative to T-DM1. In fact, in cells treated with Accum 28 -T-DM1 there was no visual antibody present on the gel corresponding to the molecular masses of the HC and LC. Only Accum 6 -T-DM1 was pulled down at comparable, albeit reduced, levels relative to T-DM1.
Based on these results, Accum 6 -T-DM1, for its ability to localize to the nucleus, enhanced cytotoxicity, and ability to be pulled down by Protein G-coated magnetic beads was the agent utilized for proteomic evaluation of nuclear transport.
Bait-prey interaction models and identification of Accum-specific interactors
Due to the multiple components of ADCs and in particular Accum-T-DM1, we created two complimentary bait-prey interaction models to determine the Accum-specific interactors by Significance Analysis of INTeractome (SAINT). Tmab and T-DM1 were chosen as key references for the differential elimination of nonspecific prey proteins against the antibody backbone and drug DM1, respectively. This was named the 1 bait:3 control (I:III) model ( Fig. 5A ). Moreover, since Tmab is identical to the mAb in the experiment, it also served as the isotype control. Beads only controls were utilized, as they are a traditional negative reference for pull down experiments. Again a 2 h incubation period was justified as cytotoxicity effects were not yet observable such as rounding of the cells and detachment from the cell culture plate. Because this proteomic analysis of a NLS-modified agent for evaluating nuclear transport has never been performed according to our knowledge, we identified interactors based on a primary (high-confidence) and a secondary (medium-confidence) SAINT score (STSc) thresholds that were set at ≥ 0.9 and ≥ 0.5, respectively. The statistics are summarized in Suppl.
Table S1. Using the cut-off threshold STSc≥0.9, only a single NTR, importin-β (KPNB1) was present.
This was uncharacteristic since importin-β requires importin-α for NLS signal recognition and binding of cargoes destined for the nucleus. This suggested that the I:III model used in combination with an STSc ≥ 0.9 was overly stringent to identify potential NTR interactors. In contrast, using the cut-off of Table S1 ). Tmab and T-DM1 had 55 and three unique interactors, respectively. In contrast, Accum-T-DM1 had 206 unique interactors. There were 198 proteins common for all the baits. The large overlap was most likely due to the mAb Tmab, the only common feature shared by all three baits.
Using the I:I:I:I model, there was an abundance of proteins with 10-300-fold enrichment for Accum-T-DM1 relative to T-DM1 and Tmab (Fig. 5D ). Importantly, the exact number and type of NTR identified in model I:III at STSc≥0.5 were also significantly enriched for Accum-T-DM1 in model I:I:I:I at STSc≥0.9 ( Fig. 5D ). Thus, both models provided results in agreement with each other and together strengthen our certainty that the identified NTRs were specific Accum interactors.
With this novel prey-bait proteomic method it was also possible to characterize the expanding intracellular interaction network for Accum-T-DM1. Because Accum has a stretch of positivelycharged amino acids we evaluated important characterizations as performed by Lang et al (37) . As polylysine tagged proteins can present an experimental challenge for controlling nonspecific electrostatic interactions, molecular weight of interactors can be plotted and analyzed. We found that the majority of Accum-specific interactors had molecular weights of 10-30 kDa and there was a depletion of larger proteins (Suppl. Fig. S3A ). Proteins between 10-30 kDa accounted for 50% of the Accum-specific interactors. A box plot analysis demonstrated there was a significant difference between distributions of molecular weight of Accum interactors and of all identified proteins (Suppl. Fig. S3B ). Similar to the findings by Lang et al (37) , enrichment of proteins with low molecular weights is typical of specific interactions and, hence, further supports that the identified interactome is Accum-specific.
Molecular topology of protein interaction modules for Accum-T-DM1
The enriched interactors specific for Accum-T-DM1 from the SAINT analysis (I:III system) were entered into GeneMANIA (GM) in Cytoscape to determine enriched biological processes (Suppl. Table S3 and S4). Gene Set Enrichment Analysis (GSEA) was performed by GM to highlight the most enriched Gene Ontology (GO) terms and used to systematically attribute a 'generic pathway' to each protein in the network according to their main function (38, 39) . We identified 164 GO terms or pathways that were significantly enriched for Accum-T-DM1 (Suppl . Table S4 ). We identified 15
protein families or common cellular pathways that were significantly enriched in the dataset (Suppl .   Table S3 ). Cytoscape allowed us to get an aerial overview of the interaction network by clustering proteins based on these protein families/pathways (Suppl. Fig. S4 ). The top five most enriched protein families/pathways were exclusively composed of ribosomes involved with unique cellular functions, including nuclear transport ( Fig. 6 and Suppl. Table S4 ).
For the I:I:I:I model, genes obtained from the SAINT analysis with an STSc≥0.9 (Fig. 5B-D) were entered into GM (Suppl . Table S5 and S6). There were 310 GO terms identified for Accum-T-DM1, 231 for T-DM1 and 271 for Tmab. Of these, 192 were common between all three baits and 73
were unique to Accum-T-DM1 (Fig. 7A ). The top five pathways represented on Figure 6 were also strongly enriched using the I:I:I:I model (Fig. 7B) . Importantly, only Accum-T-DM1 had the protein import into nucleus GO term enriched. Thus, the I:III and I:I:I:I models generated overlapping data further confirming that this analytic proteomic method was specific for Accum. 
Accum-T-DM1 NTR interactors
The affinity purification after cell treatment revealed unanticipated findings for NTRs interacting with Accum-T-DM1. As anticipated, the classical NTRs importin-α and importin-β had interaction values for Accum-T-DM1 above the STSc≤0.5 cut-off ( Fig. 8A) . However, the nonclassical NTRs importin 4, importin 5, importin 7, and transportin 1 also had strong interaction values with Accum-T-DM1 (Fig. 8A) . In fact, the non-classical NTR importin 7 was the most abundant off all NTRs with an average spectral count (AvgSpec) of 28.67 (STSc = 0.66). NTRs below the 0.5
Saint score threshold included, importin β3, importin 8 (IPO8), importin 9 (IPO9), importin 11 (IPO11), and karyopherin subunit α4 (KPNA4). The Saint scores, average spectral count, and Bayesian false discovery rate (BFDR) are listed in Supplemental Table S7 . increase in relative abundance and average spectral count for Accum-T-DM1 relative to T-DM1, and
Tmab. All NTRs with the exception of importin 9 with an STSc≥0.9 from Figure 8A were enriched for Accum-T-DM1 relative to Tmab and T-DM1. As the STSc was ≥0.9 for all three baits in the dot plot, the abundance of the NTR enriched is the defining factor and importin 7 is the most abundant.
Western blot was used to biochemically confirm the abundance of protein in the pull down assays of Accum-T-DM1, T-DM1, Tmab, and beads only in SKBR3 cells. In the Accum-T-DM1 pull down, importin 7 was the most abundantly present NTR (Fig. 8C ). This validated the findings shown in the dot plot in Figure 8B . In addition, the presence of importin 7 was restricted to Accum-T-DM1 and was not present for T-DM1, Tmab, or the bead only pull down assays. For the classical NTRs, the presence of importin-β was increased relative to importin-α, which also confirmed the proteomic data. Circle size indicates the prey's relative abundance across baits. The bait that yielded the highest spectral count for a prey is given a full-sized circle, and the circle size for the other baits is scaled relative to this maximum. The color scale of the circles indicates the prey's spectral count for the corresponding bait. (C) Confirmation of the NTR-Accum interaction by affinity purification followed by Western Blot against the indicated preys. 
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A Importin-α and importin-β were also present in the T-DM1 and Tmab pull downs, albeit at reduced amounts compared to Accum-T-DM1. Importin 4 appeared to be only slightly less abundant in the T-DM1 and Tmab pull downs compared to Accum-T-DM1. This matched well with the dot plot as importin 4 had only a slightly increased average spectral count compared to Tmab. Thus, Western blot validated the findings from the proteomic data obtained from the I:I:I:I model.
The requirement of the identified NTRs on Accum-T-DM1 cytotoxic effectiveness
The ability to use RNA interference as a tool for gene silencing was utilized to determine if an NTR identified in this proteomic method was essential to promote cytotoxic effectiveness for Accum-T-DM1. This would serve as a surrogate and key determinant to demonstrate the mechanistic and dependent link between the observed nuclear localization and an increased sensitivity of SKBR3 cells to Accum-T-DM1. SKBR3 cells were transfected with siRNA pools individually targeting KPNA2, KPNβ1, IPO4, IPO7, and siRNA control followed by lysing cells at 24 h and 96 h post transfection.
Expression of indicated gene products targeted for silencing was evaluated at 24 h and 96 h posttransfection to coincide with the initiation and termination of the 72 h cytotoxicity assay of SKBR3 cells with T-DM1 and Accum-T-DM1. Western blots confirmed the reduction in protein levels for all
four NTRs at 96 h ( Fig.9A ) but not at 24 h (Suppl. Figure S5 ) post transfection. Transfections with scrambled pools did not cause a reduction in NTR protein expression ( Fig. 9A) .
Accum-T-DM1 cytotoxicity was dependent on non-classical nuclear transport. The IC 50 values
for Accum-T-DM1 (with six Accum moieties [Accum 6 -T-DM1] on SKBR3 cells transfected with siRNA pools to knockdown KPNA2, KPNβ1, IPO4, and IPO7 gene expression were 0.027 nmol/L, 0.027 nmol/L, 0.029 nmol/L, and 0.071 nmol/L, respectively (Fig.9B ). This result indicated that Accum-T-DM1 had a 3-fold loss in cytotoxic potency in SKBR3 cells when IPO7 was knocked down relative to the IC 50 value of 0.024 nM with Accum 6 -T-DM1 in normal SKBR3 cells (Fig. 3A) . In contrast, knockdown of the classical NTRs importin-α and importin-β did not affect the ability of Accum-T-DM1 to kill SKBR3 cells. The IC 50 value of Accum-T-DM1 on SKBR3 cells transfected with scrambled siRNA pools was 0.026 nmol/L and further assured that the experiment was specific for IPO7. To assess specificity of IPO7-mediated transport of Accum-T-DM1, NTR-depleted SKBR3 cells were treated with increasing concentrations of standard T-DM1. There were no significant differences in IC 50 values for all NTR knockdowns (Fig. 9C) , indicating that IPO7 was the key NTR regulator for Accum-mediated shuttling of T-DM1 to the nucleus and cytotoxicity in SKBR3 cells. We developed an approach that was initially designed to confirm an established mechanism for nuclear transport of an agent harbouring the classical NLS from SV40 large T-antigen. Instead our results have opened interesting questions for researchers developing tools to study nuclear transport or for the development of NLS-based biopharmaceutical agents. Although, evidence of nuclear transport is showing that NTRs can be selective for endogenous cellular cargos depending on cell type or cellular states, NLS-modified agents continue to operate on a 'hit and miss' approach, particularly for therapeutic development. In addition, fundamental insights on nuclear transport using NLS-modified agents have been largely performed using cellular reconstituted systems. Thus, improved approaches that can dually improve rational therapeutic design of NLS-based agents and also acquire cellular insights due to nuclear transport in live cells are required.
DISCUSSION
In this study, we demonstrated that the Accum platform when conjugated to the clinically approved anti-HER2 biopharmaceutical T-DM1 was able to localize to the nucleus of SKBR3 cells and increase cytotoxicity by up to 18-fold ( Fig. 3 ). We developed a generally applicable cellular treatment coupled to affinity pull down ( Fig. 4 ) and proteomic method ( Fig. 5A and B) for NLS-modified antibody-conjugate biopharmaceuticals. This allowed us to discover that the strongest NTR-specific interactor for Accum-T-DM1 was importin 7 (Fig. 8 ). The dependency of Accum-T-DM1 on importin 7 for its ability to improve tumor killing was demonstrated when its gene IPO7 was knocked down followed by treatment with Accum-T-DM1 and T-DM1 ( Fig. 9A and B) . The IC 50 value in IPO7knocked down cells treated with T-DM1 remained unchanged relative to non-knocked down cells (Fig.   9C ). In contrast, the IC 50 value for Accum-T-DM1 was decreased by 3-fold relative to the value obtained from the non-knocked down SKBR3 cytotoxicity assay with Accum-T-DM1 (Fig. 9B) .
Importantly, this suggested that the classical NTR complex of importin-α and importin-β was not required for nuclear transport and, hence, was the reason why knock down of the genes KPNA2 and KPNβ1 did not affect cytotoxicity of Accum-T-DM1.
Approximately one decade-ago Rix and Superti-Furga addressed the need by pharmaceutical communities to utilize proteomic profiling to better understand the interactions within cells of small molecules and has led to strong activity in this research domain (40) . In contrast, studies on proteomic profiling of biopharmaceuticals with respect to their dynamics inside cells is scarce. Only recently has there been important advances that have utilized proteomic profiling to determine resistance mechanisms to biopharmaceuticals such as Tmab, T-DM1 and other emerging mAb-based drugs (41) (42) (43) (44) . However, these approaches have not specifically addressed intracellular transport. Mechanistic insights into intracellular transport of macromolecular therapeutics using proteomic approaches have only been reported for nanoengineered particles (45, 46) . These studies were essential as they elucidated key regulators in the intracellular transport of the nanoparticles. As a result, proteomic profiling of intracellular transport interactors has advanced the development of nanomaterials for improving the effectiveness of nanoengineered particles (47) . Hence, this approach could also be adapted to provide improved effectiveness for NLS-modified agents as therapeutics.
It was important to develop a method whereby Accum-T-DM1, T-DM1, and Tmab were allowed to mix with cells at non-excessive concentrations and periods of time. The major challenge is to have sufficient amount of antibody for subsequent pulldowns. An added challenge was that pulldown efficiency was reduced due to Accum tagging to T-DM1 ( Fig. 4) . Thus, we expanded the number of cells per incubation to 15 x 10 6 cells. In this work, our main goal was to not incubate cells with excessive amounts of drug or for periods that would lead to cytotoxicity, which could complicate our proteomic approach. As described, cells were checked to ensure cells were not undergoing apoptosis. Endo et al., used T-DM1 as bait to determine that DM1 binds a cell surface protein cytoskeleton-associated protein 5 (CKAP5) that is expressed on hepatocytes in the absence of HER2 (48) . A concentration of 250 µg/mL (~1667 nmol/L) T-DM1 was incubated with 1.5 x 10 6 cells. The study determined that DM1 interaction with CKAP5 is most likely a contributing factor for dose-limiting hepatotoxicity in patients treated with T-DM1. However, the T-DM1 was used at an extreme concentration. A direct comparison of cytotoxic potency between CKAP5-and HER2-positive only cells and T-DM1 was not reported. However, the potent cytotoxic concentration shown for T-DM1 in CKAP-positive/HER2-negative cells ranged from 30-to 142-fold higher than reported IC 50 values for T-DM1 against HER2-positive cells (27, 33) , including this study. The method in our report is relatively benign, the cell number and drug concentration can can most likely be reduced, and can be generalized for additional NLS-tagged agents.
Although the term 'nuclear transport' can have different meanings between scientists studying basic mechanisms and those interested in therapy, the development of SV40 NLS-modified agents is an area of research that is actively investigated (49) (50) (51) (52) (53) (54) . However, the general consensus is the mechanism for these NLS-containing drugs is dependent on the importin-α/importin-β complex to achieve nuclear localization (52) (53) (54) (55) . Our results clearly indicate that the SV40 NLS as part of Accum is dependant on non-classical nuclear transport. Yet, the development of SV40 NLS-tagged agents for the development of various therapeutic agents is ongoing (55) (56) (57) (58) (59) (60) . In addition, different NLS sequence-tagged therapeutics have made significant advances. For example, HIV-1 trans-activating protein harbours an NLS and has been extensively utilized for the nuclear delivery of various agents (61) (62) (63) , with a few reaching the clinic (NCT01975116, NCT00914914). However, they have been shown to suffer from target antigen specificity problems (64, 65) .
The additional interactors uncovered by the proteomic portion of this study provide further impact to future directions on studying nuclear transport using NLS-modified agents. A majority of the human non-classical NTRs are able to recognize unique sets of proteins or RNA, thus creating multiple transport pathways across the NPC (18) . Relevant to this study, importin 7 is known to mediate nuclear transport by forming a heterodimer with importin-β. This supports why the strong interaction of importin-β with Accum-T-DM1 was continuously present in the different proteomic analyses used in this study. Because we showed that cytotoxicity was impaired only with importin 7, this suggests that if a complex exists in SKBR3 cells with importin-β and importin-7, transport of Accum-T-DM1 is only dependent on the presence of importin 7. Importin 7 is also known to be very important for the nuclear transport of ribosomal proteins and histones (18) . Interestingly, histone 1 binds several NTRs but import was only achieved in the presence of both importin 7 and importin-β (66, 67) . However, in this study we showed the opposite. Accum-T-DM1 is reliant solely on importin 7 and not on importin-β.
This suggests that in SKBR3 cells, in the context of an SV40 large T-antigen NLS-modified agent, transport is likely only mediated by importin 7 and not an importin 7/importin-β heterodimer.
Preference for importin 7 versus an importin 7/importinβ heterodimer has been observed for particular nuclear localized proteins such as EZI and ERK-2 kinase (68, 69) . Importin 7 has also been shown to transport RBL 4 and RBL 6 into the nucleus (67), which were both identified to interact with Accum-T-DM1. Importin 4 that contained the second highest SAINT score among NTRs was not essential for Accum-T-DM1 cytotoxicity. Importin 4 is known to bind to only a few known proteins (18) . Among them the protein TP2 contains an NLS sequence of GKVSKRKAV. Since this sequence is similar to the NLS sequence contained in Accum it is logical that importin 4 interacted with Accum-T-DM1.
However, it was not essential for nuclear transport and cytotoxicity. Hence, only importin 7 can be expected to have potential impact on Accum's ability to improve cytotoxicity for T-DM1 in SKBR3 cells. Moreover, Accum resembles ribosome and histone protein topology and, hence, appears to naturally incorporate into the nuclear transport mechanism involving importin 7.
This proteomic and biochemical approach can be adopted for any NLS-modified mAb agent -a foresight for rationale approach for studying nuclear transport mechanics or for the development of therapeutic agents ( Fig. 10) . Thus, this work sets the stage for future studies to determine a pattern for NTR reliance for NLS-modified agents among different cellular systems and contexts. For nextgeneration NLS-modified biopharmaceuticals, it is profoundly important to understand the tumor system to optimize the NLS-based approach. Such understandings could be useful in combination with DNA/RNA gene therapy approaches where the NTRs specific for ribosome nuclear transport could synergize to increase nuclear delivery efficiency. For fundamental insight, our approach can be combined with gene expression studies of various NTRs to understand the cellular response to treatment with NLS-modified agents. Thus, aspects such as agent concentrations and incubation time points can be further refined in order to delineate the most accurate transport network for a given agent.
This method can be further exploited to select specific NLS sequences for particular NTRs that have preferential effects for a given application. Lastly, an advantage of our current methodology is that these measurements can be made in a structured manner using easy in vitro biochemical methods and is combined with a proteomic system that can be easily applied to any NLS-modified agent. ? Figure 10 . A foresight view of an NLS-modified mAb agent that binds its specific receptor on the cell surface and is internalized. In the study, Accum is able to escape endosome entrapment, The approach is to then lyse cells and pull down the mAb and conduct a proteomic analysis to determine the required NTRs for nuclear transportation and effectiveness of the agent.
MATERIALS AND METHODS
Cell culture
Determine required NTRs
SKBR3 and MCF7 cells were obtained from ATCC and were tested for authenticity and contamination with viruses or mycoplasma prior to experimentation. Cells were grown in accordance with ATCC recommendations.
Accum conjugation
Accum was synthesized as previously described (22) . T-DM1 was obtained from the CHUS pharmacy.
The SM(PEG) 2 
Differential Scanning Fluorimetry
Lyophilized T-DM1 was suspended in PBS and the Accum-T-DM1 formulations were evaluated from solution obtained after concentration. 
Immunofluorescence confocal microscopy
SKBR3 cells in media were treated with 7.5 ug/mL of Accum-T-DM1 and T-DM1 for up to 2 h at 37
°C. Cells were fixed using 4% PFA and 4% sucrose in PBS at 4 °C for 30 min, and permeabilized with 0.1% Triton X-100 in PBS for 15 min at RT. Subsequent steps were made in the blocking buffer containing 2% bovine serum albumin, 0.1% Triton X-100 in PBS. Blocking was performed for 30 min at RT and incubation with rabbit anti-human AlexaFluor 647 (Invitrogen) that binds to the Tmab Fc region of T-DM1 and Accum-T-DM1. Nuclear staining was performed with Hoechst (1:10,000) concurrently for 1 h at RT. Cells were washed, processed, and images acquired as previously described (22) . 
Label-free quantification data analysis
MS raw files from the performed HPLC-MS/MS were analyzed with MaxQuant software (version 1.6.0.1). Specificity was set to trypsin, defined as cleavage after a lysine or an arginine not before a proline, maximum of 2 missed cleavages allowed, and peptides had to be at least 7 amino acids long.
Variable amino acid modification included methionine oxidation and protein N-terminal acetylation. 0
Fixed modification included cysteine carbamidomethylation. The mass tolerance for precursor and fragment ions was 7 ppm, and 20 ppm, respectively. Spectra were searched against the UniprotKB (Homo sapiens, 11/12/2018, 88,354 entries (73)) for protein identification with a false discovery rate (FDR) of 1%. Potential contaminants, reverse peptides, proteins only identified by sites, with less than two unique peptides, and duplicated proteins in the data matrix were excluded. The three replicates that exhibited the most internal reproducibility, to avoid artificial enrichment or impoverishment due to variation in sample processing, were selected for further analysis. The resulting protein groups can be found in Supplemental Table S1 .
SAINT identification of Accum-specific interactors
SAINT determined the Accum-specific interactors. Spectral counts obtained from MaxQuant were imputed into CRAPome. SAINT analysis was performed on the I:III mode using STSc thresholds value set at ≥ 0.9 and ≥ 0.5, respectively. The I:I:I:I model was also analyzed by SAINT with a STSc cut-off of 0.9 and included CRAPome controls (CC405, 406, and 410) (74) . SAINT parameters are available in Supplementary Tables S3 and S5 for the I:III and I:I:I:I models, respectively.
Network Visualization and Gene Set Enrichment Analysis
For the I:III model, a gene list was extracted from the SAINT results using the STSc≥0.5 and entered into GM (version 3.5.0 (75)) in Cytoscape (version 3.6.1). The SAINT analysis results were then incorporated into Cytoscape. GSEAwas performed by GM to d e t e r m i n e the most enriched GO terms.
These GO terms were then used to systematically attribute a 'generic pathway' to each protein in the network according to their main function. Proteins that could not be attributed a generic pathway through GM were manually searched in Uniprot Knowledgebase (73) , Human Protein Atlas (76) (77) (78) and Pubmed and assigned to their most significant function. The GM parameters, results and generic 1 pathway annotations can be found in Supplemental Table S3 . GO terms and q-values are listed in Supplemental Table S4 .
For the I:I:I:I model, genes obtained from the SAINT analysis with an STSc≥0.9 were inputted into GM. The GSEA results were extracted and common pathways were assessed using the . Table S5 ), without manual search through databases. The list of GO terms and enrichment values for the baits are listed in Supplemental Table S6 .
Gene silencing
SiRNA (pool of 4) directed against the indicated genes were obtained from Dharmacon. 3.5 x 10 5 cells were transfected according to the manufacturer protocol using DharmaFECT for 24 h in serum-free medium (Life Technologies) in 6-well plates. The cells were then split for cytotoxicity assays and Western blot analysis. Transfections were performed in triplicate for each condition. Cytotoxicity assays for gene-silenced cells was performed as previously described.
Western blot
Western blot was performed to evaluate the MS-identified NTR interactors to determine gene knockdown. After washing in PBS, the beads were suspended in 50 µl of 2x loading buffer (100 mM Tris-HCl pH 6.8, 2% SDS, 12% glycerol, 10 mM DTT and 0.02% bromophenol blue) and boiled for five min. Beads were captured on a magnetic support and 25 µl of supernatant was loaded onto an 8% SDS gel and electrophoresed for 2 h at 150V. The bicinchoninic acid assay (Bio-Rad) was used to measure protein concentration from the cell lysates and 20 µg of protein was loaded onto 8% SDS gels and electrophoresed. Proteins were then transferred to a polyvinylidene difluoride (PVDF) membrane overnight, at 4°C under a constant current of 40 mA on ice. PVDF membranes were then rinsed three times in H 2 O, dried to fix proteins in place, rehydrated in 100% methanol, washed twice in PBS, twice in Tris-HCl 50mM pH 7.5, NaCl 150mM, tween 20 0,1% v/v (TBST) and blocked for 1 h in 5% fatfree milk in TBST with gentle shaking. Membranes were then washed three times with TBST and incubated with mouse polyclonal anti-IPO7 (1:200), rabbit polyclonal anti-IPO4 (1:400), rabbit anti-KPNB1 (1:400), or goat polyclonal anti-KPNA2 (1:500). The mouse polyclonal anti-tubulin (1:500) was used for loading controls. Anti-IPO7, IPO4, and KPNB1 antibodies were purchased from LifeSpan
Bioscience. Anti-KPNA2 and tubulin antibodies were purchased from Invitrogen. Incubations were performed at 4 °C, in 2.5% milk in TBST, with gentle shaking overnight. Membranes were then washed in TBST three times and incubated for 1 h, at RT in 2.5% milk in TBST with HRP-conjugated goat anti-rabbit (1:4000), goat anti-mouse (1:5000) (Invitrogen), or donkey anti-goat (1:5000) (Cedarlane). Finally, blots were washed twice with TBST, twice with PBS and revealed by electrochemiluminescence (Thermo Fisher Scientific).
Statistics
Significance testing for comparisons between different IC 50 values was performed using a 1-way ANOVA with Turkey's multiple comparisons test.
